INTRODUCTION
The corrosion phenomenon and the damage of reinforced concrete elements caused by reinforcement corrosion represent one of the most fundamental problems of the durability of structures. The existing PN-EN standard specifies the thickness of concrete cover which should be ensured in structures subjected to chloride attack (XD and XS class). These conditions are rather general and do not take into consideration many complex situations that can occur during lifetime of structures. The evaluation of overall operational cost of structures and the forecast of their durability, e.g. for the needs of the BIM (Building Information Modelling), or the evaluation of durability of structures exposed to complex physical and chemical attack can be difficult. Degradation of reinforced concrete elements as the result of reinforcement corrosion, can be divided into several stages. In the first stage, aggressive substances, oxygen, moisture, and heat are transported through the cover of concrete into the rebar's surface. This issue has been widely discussed and described in the scientific literature [1, 2, 3] . In the next stage, electrochemical corrosion processes are initiated [4, 5] . During corrosion, formed products of electrochemical corrosion are embedded on the rebar surface and in the structure of pores in cement paste -it is also known as interfacial transition zone (ITZ). The layer structure which is characterized by increased porosity, has a fundamen- A b s t r a c t This paper is focused on the problem of forecasting damage in reinforced concrete specimens as the consequence of chloride corrosion. The performed numerical calculations included time necessary for filling empty pore space and tightening corrosion products in the interfacial transition zone (ITZ) . In those calculations we assumed the formation of distortional strains in the ITZ layer caused by mass increase of corrosion products dependent on corrosion current intensity.
S t r e s z c z e n i e W tej pracy skupiono się na prognozowaniu uszkodzeń w próbkach betonowych w wyniku korozji chlorkowej prętów zbrojeniowych. W obliczeniach uwzględniono czas wypełnienia otuliny, jak również czas potrzebny na doszczelnienie produktów korozji w warstwie przejściowej. W obliczeniach zastosowano podejście zakładające powstawanie korozyjnych odkształceń dystorsyjnych spowodowanych przyrostem masy produktów korozji zależnych od natężenia prądu korozyjnego.
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T h e S i l e s i a n U n i v e r s i t y o f Te c h n o l o g y No. 4 / 2 0 1 7 tal significance for the description of physicochemical processes occurring in the concrete cover [6, 7, 8, 9] . Mechanical interactions of corrosion products in the concrete cover are initiated by corrosion products, after filling up pores in the interfacial transition zone. Time necessary for filling tightly the structure of pores was analyzed, among other things, in the papers [10, 11, 12] . In [10, 12, 13] , problems of damage evolution in concrete cover caused by the volumetric increase of corrosion products were analyzed. In [14, 15] , the description of effects of the damage theory, including distortional strains that are the result of the volumetric increase of corrosion products, was used. The process of embedding corrosion products in the structure of pores was assumed to be described by diffusion equations [1, 16] . It was also accepted that the corrosion products could be transferred from the interfacial transition layer deeper into cement paste surrounding the rebar [16] . This paper concentrates on forecasting the evolution of damage in concrete specimens, which is the result of the performed experimental analysis. The experimental research presume adding chlorides into concrete mix during the formation phase of concrete specimens. We analyzed results that can be obtained in the laboratory conditions (constant relative humidity in concrete pores, constant temperature and chloride ions concentration in the rebar's surface). The damage mechanism of concrete cover was analyzed, and the time of filling transition zone was considered as time required to tighten corrosion products in the interfacial transition zone. This issue was described with reference to the approach based on the concept similar to the well-known idea of damage mechanics, namely the degradation parameter [17] . The purpose of this paper is to answer the question related to time necessary for damage evolution in concrete specimens under conditions of uniform corrosion in the reinforcement and excluded impact of rheology.
EVOLUTION OF EQUIVALENT CHANGE IN VOLUME OF CORROSION PRODUCTS
The structure of steel-concrete interfacial transition zone has a crucial impact on evaluation and description of concrete cover fracturing. Concrete in the vicinity of reinforcing bars has slightly different structure by the reason of solid phase effect on hydration process of cement. This layer known as the interfacial transition zone, has a thickness of about 50-100 µm.
It is composed of an electric double layer of thickness about 1-2 µm, a layer of cement paste with increased porosity, and a layer of large crystals [6, 18] . In the moment of activating the process of corrosion, corrosion products start to accumulate in the interfacial transition zone. After filling the structure of pores, those products affect mechanically the concrete cover. It is very important to define what part of corrosion products directly contribute to damage of the concrete cover. In the initial stage, the process of creation of corrosion products is not accompanied by the increased stress in concrete cover. The corrosion products are located on the corrosion pit surface and fill empty space in pores in the interfacial transition layer. Along with the increased pressure exerted on concrete cover by the corrosion products, some of them can be transported from the high porosity ITZ layer. Then, they are transferred into deeper layers of concrete, characterized with smaller porosity. While analyzing the mechanisms of corrosion products formation and transfer in the ITZ layer, four variables were found to have an influence on the function of the rate of change of effective volume V eff . These variables are the production rate of corrosion products V R , the rate of corrosion cavity creation V Fe 2+ , the rate of corrosion product loss as the result of transfer into ITZ layer V por , and the rate of change in corrosion products volume V tran as the result of transfer from high porosity ITZ layer deeper into the concrete cover layer. The transport of corrosion products from the ITZ layer deep into concrete cover is the result of increased pressure exerted by these products on pores of concrete structure. The aforementioned dependence can be formally written [16] using the following equation:
The first two values in the equation (1), the rate of changes V R and V Fe 2+ can be defined as functions of corrosion current intensity I, [14] . The determination of next two values V por and V tran is complex and complicated in the theoretical description. However, it can be assumed [17] that those values can be defined as functions of changes V R and V Fe 2+ and a certain additional variable which was called the damage parameter of the equivalent volume β = β (τ) ⟨0.1⟩ by the analogy to the mechanics of damage
The value V ekw that exists in equations (1) and (2) can
be determined according to the Faraday's law and a linear relationship between the amount of ferrous ions transferred to the pore solution and the volume of corrosion products. Taking into account the equation (2) in (1), we can express a relationship between the rate of change of effective volume and the rate of change of equivalent volume in a way that is close to the approach adopted in the continuum damage mechanics [17] where ρ Fe 2+ is the density of ferrous ions, α andparameters, which in the literature are accepted in dependence of composition of corrosion products [13] , [14] . The β parameter determines the intensity of developing corrosion impact on the structure of the concrete cover. This parameter describes three phases of corrosion products impact on the structure of concrete cover. The initial precedes filling of empty pore spaces in the ITZ layer. This phase takes place in the time τ τ 0 , where τ 0 is assumed as time necessary to fill the space of pores without producing the mechanical effects in the concrete cover, β = 1.
The second phase takes place in the imaginary range of time τ 0 τ τ u , 0 β = β (τ) 1 . In this stage, we can observe the progressive increase of pressure exerted by corrosion products on the walls of pores. The time τ u corresponds to the level of tightness of corrosion products, which blocks the diffusion of these products from the ITZ layer into surrounding concrete. It is treated as the imaginary time of the second phase of the degradation process. The formation of a tight layer of corrosion products is an equivalent of accepting the evolution of volume change in concrete cover in accordance with the equation (3) V eff = V ekw . This phase of concrete cover degradation is the third and the last stage of the process of concrete cover degradation. This stage is observed when τ τ u and β parameter is zero. The exemplary linear function of degradation β that is applied in this paper, can be expressed in the form of the following expression [17] :
The value τ 0 can be determined from the Faraday's law as the time necessary to fill pores in the ITZ layer. The time τ u is the parameter that must be determined experimentally.
THE COMPUTATIONAL MODEL
The analysis of fracture was made using ATENA system. The elastic-plastic-brittle model of concrete implemented in this system uses the Rankine surface for fracturing description:
where f ti is tensile strength in the material direction i. In other situations, the fracture of concrete is defined by Menetrey-Williams failure surface where ξ , ρ, θ -are Heigh-Vestergard coordinates, f c -material resistance to compression, f t -material resistance to tension, e -a parameter defining a shape of the failure surface. Kinetics of the electrode process was described using the function of corrosion current density obtained on the basis of a few years of empirical research [10] , where i corr is the density of corrosion current (µA/cm 2 ) , C fc -the concentration of free chlorides on the rebar surface (kg/m 3 ) , T -the temperature on the rebar surface (K), R c,res -electrical resistance of concrete (Ω), t -time of exposition (year) . Electrical resistance of concrete in the form of empirical relationship of relative humidity φ (1), [19] was also included in that equation: According to the concept of increased transition layer, the tensor of corrosion strain rate ε kor can be formulated in the form of the following relationship [14] , [20] :
where V ini is the initial volume of the analyzed region. The equation (10) assumes that non-zero strains appear only in the plane perpendicular to the rebar axis. The FEM algorithm requires formulation of the relations (3), (10) in the incremental form. When using the Euler backward algorithm, this equations is expressed as:
The time after which empty pore space will be filled in the ITZ layer, can be determined using the Faraday's law. We obtain the following incremental form of these equations: where ρ R is the mass density of corrosion products, V por -the volume of pore space in the ITZ layer.
COMPUTER ANALYSIS OF THE PROBLEM
The test specimen with dimensions of 100x100x100 mm 3 and asymmetrically located steel bar with a diameter = 22 mm subjected to the uniform corrosion in the entire surface, was analysed. A 3-D FEM model of the test specimen was discretized with three-linear solid elements using ATENA system. The FEM model was supported on three mutually perpendicular walls and presented in Fig. 1 .
Mean values of material parameters were assumed according to ATENA database. For the purpose of the analysis, a steel rebar and the ITZ layer (containing corrosion products) with thickness of 1 mm were described using the linear-elastic materials (concrete cover crack was assumed to depend only on mass increment of corrosion products). The increments of distortional strains caused by the corrosion products in the ITZ layer in the discrete instants of time was the loading for this model. Material parameters of the model are compiled in Table 1 . Table 2 present constants required to determine parameters of corrosion. Corrosion products were assumed to be composed of only ferrous hydroxide Fe(OH) 2 . Two computational experiments were made. In the first one, density of corrosion electric current was considered as a constant value. This value was accepted as i kor = 3 µA/cm 2 which corresponds to the value of corrosion electric current intensity I kor ≅ 207 µA. The numerical values obtained as the result of computations was compiled in Fig 2, depending on the con- stant I = I/I max that expresses the ratio of corrosion current intensity I to the maximum value of corrosion current intensity I max , the degradation parameter of equivalent volume β, and the time. Fig. 2a shows the diagram of changes in effective volume V eff of corrosion products and the diagram of changes in maximum distortional strain in radial directions ε r . Fig. 2b illustrates the evolution of crack width w c . In the subsequent stage of research, the function of corrosion electric current density changing over time according to (8) , was accepted. The calculations were made under the assumption of constant hygro-thermal conditions (constant temperature T Rf = 22°C and constant concentration of chlorides on the rebar surface C fc = 1.8 kg/m 3 ). For the needs of the theoretical analysis, relative humidity in the pores of concrete was assumed as 60%, φ =0.6.
Electrical resistance of concrete was determined from the equation (9) . Numerical values obtained as the result of computations are shown in Fig. 3 regarding the constant I = I/I max , the parameter of degradation β and the time (the value I max = 300.92 µA). It illustrates the process of changes in effective volume of corrosion products V eff with reference to maximum distortional strain in radial direction ε r (Fig. 3a) and the width of cracks w c (Fig. 3b) . Crack pattern for constant value of the corrosion current density in the concrete specimen and the function of corrosion current density over time are presented in Figs 4a and 4b. 
CONCLUSIONS
The purpose of this paper was to show the application of an approach presented in [17] to evaluate the impact of corrosion products on concrete cover. The presented approach takes into consideration the effect of tightening corrosion products. The performed calculations can be used as the base for proper experimental designs. Expected length of the test time is an important information concluded from the performed calculations. Assuming the width of cracks w c = 0.1 mm as the durability limit, this criterion for the first case (Fig. 2) can be fulfilled approximately after one year. In the model that takes into consideration the variable in time function of corrosion current intensity (Fig. 3) , this criterion will be not fulfilled even after two years. 
